Archives of Insect Biochemistry and Physiology 59:67-79 (2005)

Phenoloxidase in Larvae of Plodia interpunctella
(Lepidoptera: Pyralidae): Molecular Cloning of the
Proenzyme cDNA and Enzyme Activity in Larvae
Paralyzed and Parasitized by Habrobracon hebetor
(Hymenoptera: Braconidae)

Kris L. Hartzer,"” Kun Yan Zhu,' and James E. Baker™

Phenoloxidase (P0) is a major component of the insect immune system. The enzyme is involved in encapsulation and melanization
processes as well as wound healing and cuticle sclerotization. PO is present as an inactive proenzyme, prophenoloxidase (PPO),
which is activated via a protease cascade. In this study, we have cloned a full-length PPOT ¢DNA and a partial PPO2 cDNA from
the Indianmeal moth, Plodia inferpunctella (Hibner) (Lepidoptera: Pyralidae) and documented changes in PO activity in larvae
paralyzed and parasitized by the ectoparasitoid Habrobracon hebetor (Say) (Hymenoptera: Braconidae). The cDNA for PPOT is
2,748 bp and encodes a protein of 681 amino acids with a calculated molecular weight of 78,328 and pl of 6.41 containing a
conserved profeolytic cleavage site found in other PPOs. P inferpunctella PPOT ranges from 71—78% identical to other known
lepidopteran PPO-1 sequences. Percent identity decreases as comparisons are made to PPO-1 of more divergent species in the
orders Diptera (Aa-48; As-49; and Sb-60%) and Coleoptera (7m-58; Ha-50%). Paralyzation of host larvae of P interpunctella by
the idiobiont . hebetor results in an increase in phenoloxidase activity in host hemolymph, a process that may protect the host
from microbial infection during self-provisioning by this wasp. Subsequent parasitization by 4. hebetor larvae causes a decrease in
hemolymph PO activity, which suggests that the larval parasitoid may be secreting an immunosuppressant into the host larva

during feeding. Arch. Insect Biochem. Physiol. 59:67—79, 2005.  published 2005 Wiey-Liss, Inc.
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INTRODUCTION

sclerotization of insect cuticle (Sugumaran, 1998),
(2) encapsulation and melanization of foreign or-

Phenoloxidase (PO), also called tyrosinase, pos-
sesses both monophenol monooxygenase activity
(E.C. 1.14.18.1) and o-diphenoloxidase activity
(E.C. 1.10.3.1), and is responsible for initiating the
biosynthesis of melanin. PO is associated with
three physiologically important biochemical pro-
cesses in insects and arthropods. These include (1)
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ganisms (Soderhdll et al., 1990; Ashida and Brey,
1995; Gillespie et al., 1997), and (3) wound heal-
ing (Lai-Fook, 1966; Ashida and Brey, 1998).
Although the physiological importance of PO
in insect physiology makes it important for study,
loss of activity during purification of the labile en-
zyme and self inactivation have prevented detailed
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characterization of insect POs in the past (Sugu-
maran and Kanost, 1993). However, because PO
is present as the inactive zymogen, purification and
characterization of the more stable prophenol-
oxidase (PPO) have been successful. PPO has been
purified and at least partially characterized from a
number of different insects including the lepi-
dopterans Bombyx mori (Ashida, 1971; Yasuhara et
al., 1995), Manduca sexta (Aso et al., 1985; Hall et
al., 1995; Jiang et al., 1997a), Hyalophora cecropia
(Andersson et al., 1989), and Galleria mellonella
(Kopacek et al., 1995), the dipterans Musca domestica
(Hara et al., 1993), Drosophila melanogaster (Fuji-
moto et al., 1993), and Sarcophaga bullata (Chase et
al., 2000), the coleopterans Tenebrio molitor (Hey-
neman, 1965) and Holotrichia diomphalia (Kwon et
al., 1997), as well as Blaberus discoidalis (Durrant et
al., 1993) and Locusta migratoria (Cherqui et al.,
1996). These PPOs are more similar in amino acid
sequence to arthropod hemocyanins than to fungal
or mammalian tyrosinases, especially with respect
to their putative copper binding sites. Although
cDNAs for these PPOs do not encode signal pep-
tides (Kawabata et al., 1995), PPO is thought to be
released from hemocytes. Evidence exists that PPOs
can be either glycosylated or non-glycosylated
(Sugumaran, 2002).

In addition to the purification of these PPOs,
cDNAs that encode these enzymes have been
cloned and sequenced from Galleria mellonella (Li
etal., 2002), Manduca sexta (Hall et al., 1995; Jiang
etal., 1997a), Bombyx mori (Kawabata et al., 1995),
Hyphantria cunea (Park et al., 1997), Anopheles
gambiae (Jiang et al., 1997b; Lee et al., 1998; Miiller
et al., 1999), Aedes aegypti (Taft et al., 2001),
Sarcophaga bullata (Chase et al., 2000), Tenebrio
molitor (Lee et al., 1999), Holotrichia diomphalia
(Kim et al., 2002), Armigeris subalbatus (Cho et al.,
1998), and Drosophila melanogaster (Fujimoto et
al., 1993; Chase and Sugumaran, 2000).

Fabrick et al. (2003) undertook the first studies
on the immune system in the Indianmeal moth,
Plodia interpunctella (Hiibner) (Lepidoptera: Pyrali-
dae), including recognition of non-self and activa-
tion of the PPO cascade. A B-1,3-glucan recognition
protein (PiBGRP) was purified from larval hemo-

lymph and its corresponding cDNA was cloned.
Functional properties of recombinant PiBGRP were
consistent with other recognition proteins impli-
cated in activation of innate immune responses.
Recombinant deletion mutants corresponding to
the amino-terminal domain of PiBGRP recognized
B-1,3-glucan, LPS, and lipoteichoic acid and sub-
sequently activated the PPO system (Fabrick et al.
2004). The carboxyl-terminal domain of PiBGRP
did not activate PPO.

We are using the interaction of the idiobiont
ectoparasitoid Habrobracon hebetor (Say) with lar-
vae of P. interpunctella as a means of characterizing
the immune system in this pyralid moth. Previ-
ously, we found no observable changes in the com-
position of hemolymph proteins in paralyzed or
parasitized hosts (Baker and Fabrick, 2000). How-
ever, the immune system of P. interpunctella remains
competent after paralyzation by this wasp (Fabrick,
unpublished data) and there is evidence for sev-
eral physiological changes in paralyzed and para-
sitized host larvae. These changes include evidence
for an immunosuppressant secreted by the parasi-
toid larva as it feeds (Baker and Fabrick, 2002), as
well as a significant increase in osmotic pressure
in hemolymph from paralyzed hosts (Hartzer et
al. unpublished data). In our continuing studies
on this host-parasitoid association, a cDNA encod-
ing PPO1 has been cloned from P. interpunctella
and we demonstrate that host hemolymph PO ac-
tivity gradually increases in paralyzed larvae but
decreases during parasitization.

MATERIALS AND METHODS
Insects

A field strain (El Paso) of Plodia interpunctella
was collected from infested corn in El Paso, Illi-
nois, in November 1998. Moths were reared in the
laboratory on a diet consisting of wheat shorts,
cracked wheat, wheat germ, Brewer’s yeast, honey,
glycerin, and water (2.8: 1.8: 0.24: 0.12: 0.24: 0.24:
0.13, vol/vol). Cultures were maintained at 27°C
and 50-55% humidity with a 12:12 h light:dark
cycle. Fifth-instar wandering larvae were used for
all experiments.
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A strain (Miller) of Habrobracon hebetor was col-
lected from wheat infested with P. interpunctella in
Dickinson County, Kansas, in October 1998. The
parasitoid was maintained on larvae of Ephestia
kuehniella at 27°C and 50-55% humidity.

Cloning and Characterization of PPO cDNA From P
interpunctella

Insect PPO amino acid sequences were down-
loaded from GenBank and aligned by using the
Prerty multiple alignment comparison program on
the SeqWeb (Version 2) (Accelrys, San Diego, CA)
server. Highly conserved regions were considered for
degenerate primers. Primer pairs were designed so
that initial fragment size was approximately 800 bp.
After initial fragments were obtained, gene specific
primers were made for 5" and 3’-RACE. Primer an-
nealing sites within PPO1 are shown in Figure 1.

cDNA Isolation and Sequencing

A P. interpunctella larval whole-body ¢cDNA li-
brary in A Uni-Zap XR vector (Stratagene, La Jolla,
CA) (Zhu et al., 2000) was screened using primers
designed from alignments of known lepidopteran
PPO1 and PPO2 cDNA sequences using regions
highly conserved but not located in the copper
binding sites. Several primer combinations were
used to isolate fragments of both PPO1 and PPO2.
Successful primer pairs were Pi_PPO1_f3 (5'CC
TTACATGTTCAACTACTG3’) and Pi_PPO1_r3
(5’ GCCAGCGGTAGAACA-CCGGGT3"),
Pi_PPO1_f4 (5’ACCCGGTGITCTACCGCTGGC3’)
and Pi_PPO1_r2 (5'TCN-GGGTACITGCGGTC3').
PCR products were run on 1.5% agarose gels and
bands obtained by successful primer pairing were
excised and subcloned into pCR4-TOPO® vector
and used to transform OneShot Chemically Com-
petent Escherichia coli (Invitrogen, Carlsbad, CA).
Plasmid DNA was purified using QIAprep Plasmid
Prep Kit (Qiagen, Valencia, CA) and submitted to
the Sequencing and Genotyping Facility at Kansas
State University, Manhattan, KS. Inserts were se-
quenced by using T3 and T7 vector primers. Se-
quence results were used to synthesize additional
gene-specific primers for use in 5" and 3’ RACE.
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5’ and 3’-Rapid Amplification of cDNA

The 5 and 3’ ends of P. interpunctella PPO cDNA
were obtained by using RNA ligase mediated rapid
amplification (RLM-RACE) of the 5" and 3’ ¢<DNA
ends with the GeneRacer™ kit (Invitrogen) following
the protocol of Fabrick et al. (2003). Fifty larvae were
homogenized in 4 M guanidine thiocyanate on
ice. Total RNA was extracted with phenol: chlo-
roform and precipitated with isopropanol (Titus,
1991). The gene-specific primers, Pi_PPO1_r8
(5’ACGCAGCCTCGTACTGCGGTCTTC 3’) and
Pi_PPO1_r7 (5 CGTCTGAACACCITGGGGTCCACA
3") were used in conjunction with GeneRacer™
primers specific to the ligated RNA Oligo and Oligo
dT. PCR products were subcloned and sequenced
as above.

Analysis of Sequence Data

Results from sequencing cloned P. interpunctella
cDNA were compared to the public sequence da-
tabase using BLASTX (Altschul et al., 1990). De-
duced protein sequences were analyzed using tools
from ExPASy Molecular Biology Server of Swiss In-
stitute of Informatics, including Translate, SignalP
and Molecular weight/PI calculator. In addition,
N- and O-glycosylation and phosphorylation pre-
dictions were made using the NetNGlyc, NetOGlyc,
and NetPhos tools found at the Center for Bio-
logical Sequence Analysis (http://www.cbs.dtu.dk/).
Percent identity and similarity were calculated with
GAP. TreeView (Version 1.6.6) was used to gener-
ate a phylogenetic tree from CLUSTALW guide tree
data (Page, 1996).

Collection of Hemolymph

Plodia interpunctella 1arvae were chilled on ice for
30 min and surface sterilized in 95% ethanol.
Hemolymph was collected by cutting the 3rd pro-
leg with sterile micro-scissors and drawing the ex-
uded hemolymph into a pipette tip. Two microliters
of hemolymph could be collected from single lar-
vae weighing 15-20 mg each. Hemolymph was dis-
pensed into 0.6-ml microcentrifuge tubes, diluted



ACACTCGAGCCGTGGCATCACGGCTTGAAGACTCCTAAATATTAATACAATTTTTAATTTGGTTATTTTAATTTCGTGGT

GGTGGCCAGGAATTTAAGCCAAAATGACGGACGCCARACGCAATCTGCTGCGGTTCTTCAACCGTCCTACGGAGCCCTGT
M T D A K R N L L R F F N R P T E P C

TTCATGAACAAGGGCGAGGACAACGCCGCCTTCGAGCTACCTGACCATTATTACCCAGATARATACAAAACCGTCAGCTC
F M N K 6 E b N AAF BE L P D HY Y P D K Y K T V 8 53

AGCGCTGGCCAACCGTTTTGGCACCGACGCGTCCGTCACCATCCCCGTCAGGAACATCGCGCTGCCCAACCTCGACCTGC
A L A NRYF G T DA SV T I P V RN TIATILPNTLDTIL P

CCATGCAGCTGCCCTACAACGAGCAGTTCTCACTCTTCGTGGCCAAGCACAGGAAGATGGCAGGGAAACTCATTGACGTT
M Q L P Y N E Q F S L F V A K H R KM A G K L I D V

TTTATGAGTATGCGCGACGTGGACGACCTGCTGTCCCTCTGCTCGTACTGCCAGCTGCGCATCAACCCGTACATGTTCAA
F M s M R DV D DL L § L C S5 Yy C @ L., R I N P Y M F N

=
CTACTGCCTCTCCGTCGCCATACTGCACAGGCCAGACACTARGGGTATCCAAGTGCCCCCCGETGGTGGAGACGTTCCCGG
Yy ¢ L. s vA I L H R P D T XK G I Q V P P V V E T F P D

ACAAGTTTGTGGACCCCAAGGTGTTCAGACGCGCGAGAGAAGTCACCTCCGTGGTTCCTGCGGGCGCCAGGATGCCAATA
K P VvV D P K V *F R R AR EV T S V V P A G A R M VP I

ACAATCCCAACAAATTACACGGCAGCGGACTCGGAGCCGGAGCAGCGCGTGGCGTACTTCAGAGAAGACATCGGCATCAA
T I p T N Y T A A D S5 E P E Q R V A Y F R E D I G I N

CCTCCATCACTGGCACTGGCATCTCGTCTACCCCTTCGAAGCTGAGCGATCCATCGTCGCCAAGGATAGGAGAGGAGAGT
L H H W H W H L V Y P F E A E R S 1 Vv A K D R R G E L

TGTTTTACTACATGCATCAGCAGATCATCGCCAGATACAACGTGGAGCGCATGTGCAACAACCTCGGTCGCGTGACCCGC
F Y ¥y Mm H 9 9 I T A R Y N V E R M C N N L G R V T R

TTCAACGACTTCAGGCAGCCCATAGCCGAGGGGTACTTCCCAAAGCTGGACTCGCAGGTCGCCAGCAGATCTTGGCCGCC
F N D F R Q P I A E G Y F P K L D S Q V A S R S W P P

CAGATTCGCTAACACCACTCTCCGAGATTTGGACCGTCCAGTGGACCAGATTAGGATCGACGTGTCGGAGCTGGACACCT
R F AN T T L R DL DR P V D QI R I DV S EL D T W

GGAGGGAGAGGTTCATCCAGGCCATCGAAAACGGCTTCATTGTACTGCCGAATGGCAGACAGATCCCCCTGGACGAGAAC
R E R F I Q A I E N G ¥ I VvV L P N G R @ I P L D E N

ACGGGCATCGACGAGCTGGGCAACCTGATGGAGTCGTCGGTGATAAGCCGCAACCGCGCCTACTACGGCGATCTGCACAA
T 6 I p EL G N L M E S s V I § R N R A Y ¥ G D L H N

CATGGGCCACGTCTTCATCTCCTACGCCCACGACCCTGACCATCGCCATTTGGAACAATACGGAGTGATGGGAGATTCAG
M 66 H v ¥ I 8§ Y A H D P D H R H L E Q Y G V M G D S A

CGACGGCGATGAGAGACCCGGTATTCTATCGCTGECACGCGTACATTGACGACATCTTTGTACTACACAAGGACAAGTTG
T A M R D P V F Y R W H A Y I D D I FF V L H K D K L

CAGCCTTATCAGGACAATGTTCTGGATTTCCCCGGCATCCGCGTGTCCTCCATCAGCGTGGAGGGCGGCGCGGGCGCCAA
Q P Y O DN VL DF P G I RV S S I 8 V E G G A G A N

CACGCTCGGCTCGCACTGGCAGCAGAGCCTGGCCGAGCTGTCGCGCGGGCTCGACTTCACGCCCAGAGGCAGCGTGCTGG
T L. G $s H W Q ¢ $s L A E L S R G L D F T P R G S V L A

CTCGCTTCACGCATCTCCATCATGACGACTTCAACTACGTCATCGAGGTGAACAACACAAGCGGCCAGGCCCGCATGGGC
R F T H L. H H D D F N Y VvV I BE V N N T S8 G Q A R M G

ACTTTCCGCATCTTCCTGGCGCCCACCCAGGACGAGCGTGGCTCTCCGCTCGGCTTCAACGACCAGAGGAGGCTCATGAT
T F R I F L A P T @ D E R G S8 P L G F N D Q R R L M I

CGAACTGGACAAGTTCTCTGAAGGATTGCGTCCGGGCAACAACACGATCCGGCGACGCAGCACGGACTCGTCCGTGACGA
E L b K F 8 E G L R P G NNTTI RURUR S T D S s V T I

TCCCGTTCGAGCGCACGTTCCGCGCGCAGTCGGCGCGLCCCCGGCGACCCGGGCTCCGCCGACGCGGCCGAGTTCGACTTC
P F E R T F R A Q S A R P G D P G 8 A D A A E F D F

TGCGGCTGCGGCTGGCCGCACCACATGCTGATACCCAAGGGCACTCAGCAAGGGTACCCGGTCGTGTTGTATGTGATGGT
c ¢ ¢ ¢ W P H H M L I P K G T ¢ Q G Y P V V L Y V M V

- -
GTCCAACTGGGAGGATGATAGGATCGAGCAAGACCTAGTGGGGTCCTGTAACGACGCAGCCTCGTACTGCGGTCTTCGCG
S N w E D D R I E @ DL VvV G 5 C N DA A S Y C G L R D

ACCGCAAGTACCCCGACCGCCGCGCCATGGGCTTCCCCTTCGACAGGAGGGCCTCCGCTAACAACCTGAGCGACTTCCTC
R K Y P D R R A MGVF P F DRI RAS A NNIL S D F L

CGCCCCAACATGGCGGTGCGAGAGTGCAGGATCAGGTTCACCGATGCTGTGCAGCAGCAGCAACAGTAGACTGGTAGACT
R P N M A V R E C R I R F T D A V Q Q O Q @ *

GGGATGGAAGACTCAAGTTAAGATGTCAACACCAACGAAGGTAGATACCACAGACTCAAGGGAATTGTTAGTAGACCATG
AATGCCTGAAGAATCGAGCCGAGTTAAAGAAAATGGATCTCAGATCAGGCTAAATTATCAGAAACTAGTAGTATAAAGGA
AATGAAATATTTTCGAATATCGGCTTGCAAACTGAACCTTTTTAGTTTATTTTATATTATAGTAATTTCTCATAAAGCTA
CAAACTACTGACATTTCGGAACGACCACTGCTGAGAAGARATGCCGAAAGAATTATGACATAAGGGTTTATTATTATTGT
AATARAAACTTTTTTACTTGATTTTAGTCTATAAATATTGAGTAACAAATTGTAATGGCGCTGATATATGGACTTCGATT
TTAATATAATTTACATAAATTACGATTAAGATTATTAATAAGAAATGGGTCATTAGTTTAAGTAGCTGTATACCTCTATA
AATAATTGTAATTATTTAGTTGTAATACTGTTTCATAAGACTGAATAATAAGCCTTTCACAAARAAANAAACACTGTCAT
GCCGTTACGTAGCGTATCGTTGACAGCA

Figure 1.
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AACTTCGCCGAAACATTCCCATCCAAGTTCTTGGATTCCCAAGTGTTCGCTCAAGCCAGAGAGACTGCCGCTGTCGTGCC 80
N F A ETTFUP S K F L DS QV F A QAU RTETAA AUV V P 27
CAGGGGTGTTTCCCGGACACCCATCATCATTCCGAGAGACTACACTGCAACTGATTTGGAAGAAGAACATCGTCTAGCGT 160
R G Vs R TP I I I P RDJYTATUDTULTETETEHT®RIL A Y 54
ACTGGCGTGAAGATATTGGCATCAATCTCCACCATTGECATTGGCACTTGGTGTACCCATTCACAGCTACCGATAGATCC 240
W R E D I G I N L H H W H W H L V Y P F T A T D R S 80
ATCGTCGCTAAAGACCGCAGGGGTGAACTTTTCTTCTACATGCATCAACAAATCATAGCGCGTTACAACTGCGAACGTCT 320
I v A K DRRGETILTF F Y MH Q Q I I AR Y N CZER L 107
AAACAACTCTTTAAAACGAGTGAAGARATTCAGCAACTGGCGAGAACCAATCCCCGAAGCATACTTCCCAAAATTAGACA 400
N N S L K R V K K F S N W R E P I P E A Y F P K L D S 134
GTCTGACGTCATCACGAGGATGGCCGCCACGACAGGCCAACATGACTTGGCAAGACTTGAACCGCCCTGTGGACGGCCTC 480
L T S S R G W P P R QA NM T W Q DL N R P V D G L 160
AACGTGACCATCTCTGATATGGAGAAGTGGAGAAGGAACCTCGAGGAAGCCGTATCGATGGGCACTGTGACGTTGCCTAA 560
N V T I §$ DM EK WU R RNTILIET EA AV S M G TV T L P N 187
CGGAACGRAAACAGCCGTTGGACATCGATATGTTGGGCAACATGTTAGAAGCCAGCATCCTGTCTCCARACCGTGAGCTAT 640
G T K ¢ P L DI DML GNMTLUETS AS I L S P NRE L Y 214
ATGGCAGCGTGCACAACAATGGTCATAGCTTTTCGGCGTACGTCCATGATCCGAATCATCGCTACCTGGAATCTTTCGGC 720
G S VvV H N N G H S F S A Y YV H Db PN HU RUYLESTF G 240
GTGATAGCGGACGAAGCCACCACGATGCGTGATCCATTCTTCTACCG 767
v I A D EA T T MR D P F F Y 255

Nucleotide and the deduced amino acid sequence

2,016) were successful in obtaining initial sequence frag-

of P. interpunctella PPOs. A: The PPO1 ¢cDNA nucleotide
sequence (1-2,748) is shown above the deduced amino
acid sequence (1-681). The proteolytic cleavage site (RF)
is marked with an arrowhead. The putative thiol ester site
is double underlined. Amino acid sequences underlined
with a single line indicate the copper-binding regions. The
termination codon TAG is marked with an asterisk. Prim-
ers were designed based on alignments of other lepi-
dopteran PPO1 sequences. Regions expressing highly
conserved sequence were used to design primers. The
primer pairs PiPPO1f3 (468-486) x PiPPO1r3 (1,296-
1,316) and PiPPO1f4 (1,296-1,316) x PiPPO1r2 (2,000~

1:25 (vol:vol) in distilled water, and centrifuged at
10,000¢ for 5 min at 4°C to pellet hemocytes. Cell-
free plasma was used in PO activity assays. Protein
concentration was determined by using Coomassie
Plus Protein Assay Reagent (Pierce, Rockford, IL)
with a BSA standard.

Analysis of PO Activity

Phenoloxidase activity was assayed by using a
method modified from Hall et al. (1995) and Jiang
and Kanost (1997). Diluted plasma (25 pl) was
added to designated wells of a microplate contain-
ing 50 ul 100 mM phosphate buffer pH 7.0 and
either 5 pul H,O or 5 pl elicitor (Micrococcus
lysodeikticus, Sigma, 5 x 10° cells). After 20 min,
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ments from the full body P. interpunctella cDNA library.
PiPPO11r7 (568-591) and PiPPO1f8 (1,974-1,996) are
gene-specific primers used in 3" and 5’-RACE, respectively.
B: The partial cDNA nucleotide sequence of PPO2 is
shown above the deduced amino acid sequence. Amino
acid sequences underlined with a single line indicate the
copper-binding regions. Primers were designed based on
alignments of other lepidopteran PPO2 sequences. The
primer pair PiPPO2f1 x PiPPO2r3 was successful in ob-
taining the region that encodes the copper-binding sites.
A gene-specific primer (PiPPO2r6) was used to obtain ad-
ditional sequence closer to the 5’-end.

substrate (20 ul of 10 mM dopamine, 2 mM final
substrate concentration) was added and phenol-
oxidase activity (mOD/min) was determined by
measuring absorbance at 490 nm at 5-min inter-
vals for 30 min at 30°C using a Bio-Tek EL-340,
96-well microplate reader. Reaction rates were ob-
tained with KC’ software (Bio-Tek Instruments,
Inc., Winooski, VT).

Effect of Paralyzation on PO Activity

Fifth instar P. interpunctella were placed in a 100
x 15 mm plastic Petri dish and H. hebetor females
were placed in the dish at a ratio of approximately
1 wasp per 10 Plodia larvae. All larvae were gener-
ally stung and paralyzed within 3 h. All paralyzed
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A '

PiPPOL —-MTD--AKRNLLRFFNRPTEPCFMNKGEDNAAFELPDHYYPDKYKTVSSALANRFGTD--ASVTIPVRNIA-LPNLDLPMQLPYNEQFSLFVAKHRK-MAGKLIDVFMSMR-~DVDDLL 110
GmPPO1 —~-MSD~-SKSRLLLFFDRPSEPCFLOKGDDNVAFEVPDHYYSDKYKSLTNTLANRFGSG--EVRTIPVKNIA-LPDLSLPLQLPYNDQFSLFVAKHRR-MAGKLIDIFINMR~--DVDDLI 110
MsPPO1 =-MTD-~AKNNLLYFFDRPNEPCFMQKGEDKVVFEIPDHYYPDKYKSLSNTLSNRFGNE~-ATKRIPIRNIT-LPNLEVPMQLPYNDQFSLFVPKHRT-MAAKLIDIFMGMR~~-DVEDLQ 110
BmPPO1 --MSD--AKNNLLLFFDRPSEPCFMOKGEEKAVFEIPDNYYPEKYQRVSNAIGHRFGSN--ACRMIPIRNIA-LPNLDLPMELPYNEQFSLFVPKHRK-LAGRLIDIFMGMR--DVEDLQ 110
HcPPOL --MST--PKGDLLLFFDRPTEPCFMLKGEEQAAFELPDNYYPDKYKFATNVIANRFGND--ATRTIPVRNIA-LPNLSIPMOLPYNDQFSLFIPKHRQ-MAGRLIDI FMGMR~-DVVDLT 110
HdPPO1 ~-MSNTAVLNDLVALYDRPTEPMFRVKAKKS--FKVPKEYVTDRFKNVAVEISNRFGED--DSETVTIDSVP-LPDLADILTLGREENFSLFIPKHRN-LSAKLINIFLQAE--NPKHLL 110
SbPPO1 --MAD---KHDLLLLFERPNEPVFMEKGKTITVFDIPDKFLTDRYRPIGSEVQSRFGEK--AEKRIPVKDIS-LPDLRIPMSLGRDEQFSLFVPRHRR-IAGRLIDIFMGVR--TIDDLO 109
AaPPO1 --MAS--~GSQKLLALLQRPLEPTFYPKDDGKTLIDLPENYLTDRYRPIGENLQSRFSDD--AETRIPVRNVG~IPSIAFAFRATIPRRGGFSLFNEKHRK- IAGDPLIALFLNQP-~-DVDTIM 110
AsPPO1 —~MSS--NSQKLLALLQRPLEPTFYPKDDGKTLIDLPDNYLTERYRPIGANLQTRFSND--ADTRIPVRRVA-TFPDIAFAEAI PRRGGFSLFVDKHRK-IAGDLIALFLRQP--DVDTLM 110
TmPPO --MAS---KKNILLLFDRPREPVFIAKGSKKAVESVPNEYLADKYKPLGVALTNRFGED--ADERIDVKKIS-IPPFGEILELSRDENFSLFIPKHRR-IAGRLIDIFLGMR--NVDDLV 109
GmPPO2 ~=MTD--RVKSLQLLFDRPNEPLITPKGENGAIFQLTQDLLPVDYEDNGIALNNRFGEE~~ADEKIPLKPLSNPPQFPIASQLPTDADFSLFLPRHQE-MATEVIDVLMNIPENQLDDLL 113
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ShPPO2 MSKET-~NKIALALLFDRPLEPVEFTARDDGKAVFDLPESYYNEQYVDVKDEIQTRFSED-~VDIKIPLRDLKQKPDLSFTRPLGKRKQFSLENNIHRE-IAARLIDIFMSTP--TEELFI 113
AaPPO2 —-MAT-~GNRKLLALLQRPLEPTFYPKDDGRTVIDLPENYLTERYRPIGANIQNRFGND--ADTRIPVRNVG-SPNIAFAEAI PRRGGFSLFNQRDRR-VAGDLISLFVNQP~~DPETIM 110
AsSPPO2 -MTAN--NSQPLQALLQRPLEPTFLPKDNGKTVIDLPDEYLTERYRAIGAELQNRFSND——AEQRIPVRSVS TPALAFANQIDRRGAFSLFNDKHRKRAAGALIALFMRQP--DVETLM 112
PiPPO1 SLCSYCQLRINPYMENYCLSVAILERPDTKGIQVPPVVETFPDKFVDPKVFRRAREVTSVVPAGA-RMPITIPTNYTAADSEPEQR AYFREDIGINLHHWHWHLVYPFEAE-RSIVAKD 228
GnPPO1 SLCSYCOMRVNPYMFNYCLSVAILHRPDTKGLQVPPVVETFPDKFMDPKVFRKARETTTVNASGN-RMPITIPTNYTASNSEPEQRVAYFREDIGINLHHWHWHLVYPFEAA-REIVKKD 228
MsPPO1 SVCSYCQLRINPYMFNYCLSVAILHRPDTKGLSIPTFAETFPDKFMDSKVFLRAREVSNVVISGS-RMPVNVPINY TANTTEPEQRVAY FREDIGINLHHWHWHLVYPFDSADRSIVNKD 229
BmPPO1 SVCSYCQLRINPYMFNYCLSVAILERPDTKGLSIPTFAESFPDKFMDPKVFROAREVSSVVPSGA-RMPIVIPSNYTASDAEPEQRVAY FREDIGTNLHHWHWHLVYPFDAADRALVNKD 229
HcPPO1 SICSYCHVRINPYMFNYCLSVAILHRPDTKGLNIPTFAQTFPDKFVDPKFFRRAREI TNVVQSGS-RMPVPINVNYTASDLEPEQRVAYFREDIGVNLHHWHWHLVYPGEGD-MAIVNKD 228
HAPPOL1 STACYAHDRVNPYLFIYALSVALIHRKDTKSLKIPNQIQTFPDKYFDSQVFSQGKEEMTVVPQGL-RRPIEIPRDYTASDLEEEHRVAYWREDLGINLHHWHWRLVYPTDGGE~IVTKKD 228
SbPPO1 SIAVYAHDRINPFLFNYALSVALLHRSDTKNLDLPS FAQNFPEKFVDSQVFRKVREEATVVSEGS-RMPITVPRDYTASDLDPEHRLWYFREDLGINLHHWHWHLIYPFEAGDRAIVNKD 228
ARaPPO1 AVGSYARDRLNPMLFQYAMSVAIQSRPDTKDVNIPSLLOLFPDSFVDPTTFPKAREEGSVVQQV-DRMVVNIEMNFTASDREEEQRLAFFREDIGVNLHHWHWHLVYPGDGPD-QVVRKD 228
AsPPO1 AVGSYACDRLNPMLFQYALSVAIQONRPDTKDVNIPSLLQLFPDSFVDPTTFPRAREEGSVVQQS-DRMVVNIEMNFTASDREEEQRLAFFREDIGVNLHHWHWHLVYPGDGPD-SVVRKD 228
TmPPO SVAVYARDRVNPYLFNYALSVAILHRPDTQDVDLPSFIESFPDKYVDAKVFAQAREQATVVPEGS~RAPIEIPKDYTASDLEEEHRLAY FREDLGINLHHWHWHLVYPFEAAR-EVVAKN 227
GmPPO2 SSCVYARGRLNPQLFNYCYSVVLMHRRDTRNVPIQNFAETFPSKFLDSQAFAQARETAAVFPRGIPRTPIIIPRDYTATDLEEEHRLAYWREDIGINLHHWQWHLVYPFTASDRSIVAKD 233
MsPPO2 STCVYARINLNPQLFNYCYTVAIMHRRDTGKVRVONYAEIFPAKFLDSQVFTQAREAARVIPKTIPRTPIIIPRDYTATDLEEEHRLAYWREDLGINLHHWHWHLVYPFSASDEKIVAKD 235
BmPPO2 STCAFARVNLNPQLFNYCYSVALMHRRDTRKVRVKNFAEVEFPSKFLDSQVFTQARETAAVIPPDVPRIPIIIPRDYTATDLEEEHRLAYWREDIGINLHHYHWLLVYPFTANDLSIVAKD 233
HCPPO2 STCVESRSNLNPQLFNYCFTVALMHRRDTRQVPVANFAES FPAKFMDSRVFQKAREVAAVLPRDVPRTPIIIPRDYTATDLEDEHRLAY FREDLGINLHHWHWHLVYPFAASQREIVAKD 235
HAPPO2 SMAIFARERVNPYLFNYCFSVAILHRPDTQDLDIPSFIQTFPDKYLDSQVFR-AREEATLVPEGQ-RVPIEIPRDYTASDLEVEHRVAY FREDLGINLHRWHWHLVYPFEGAE-QVVRKD 226
SbpPPO2 ATCAYCKDRVNPFLFQYCFSVATQHRKDTSDFPVKPIAETFPONFIEPAVFKDARAEGEVVPNPGDRRHIEI PRNYTASDREEEQRLGY FREDIGVNSHHWHWHLVYPGNGPI-EVVKKD 232
AaPPO2 AVARYTRDRVNPVLFQYALAVAIQHRPDTRELNIPSFLELFPDSFVDPSVFPKLREEGSVVQQE-NRMVIDIPLNFTASEREEEQRLAFFREDI GVNLHHWHWHLVYPGDGPD-AVVRKD 228
AsPPO2 AVGSYASDRLNPMLFQYSLAVAVQNREDTKDLNIPSLLQLFPDQFVDPATFPRAREEGSVIQAS DRMVVNIEPNFTASDREEEQRMAFFREDIGVN§HHWHWHLVYPGDGPD-SVVRKD'230
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PiPPO1 RRGELFYYMHQOI TARYINVERMCNNLGRVTRFNDFRQPIAEGYFPKLDSQVASRSWPPRFANTTLRDLDRPVDQIRIDVSELDTWRERFIQAIENGFIVLPNGRQIPLDENTGIDELGNL 348
GmPPO1 RRGELFYYMHQOQOIIARYINAERLCNGLGRVTRYSDFRAPIGEGYFPKLDSQVASRSWPPRFANTVIRDIDRPVNEIKIDVFQLETWRDRFLQAIDSNAINMPNGRKVPLNEETGIDELGNL 348
MsPPO1 RRGELFYYMHQOI IGRYNVERMCNGLPQVKPFSDFSAPIEEGYFPKLDSQVASRTWPPRFAGSVFRNLDRTVDQVKIDVRKLFTWRDQFLEATIQKMAIKMPNGRELPLDEVTGIDMLGNL 349
BrnPPO1 RRGELFYYMHQOMIARFNIERFCNDLKKVETYSDFRGPIKEGYFPKMDSQVASRAWPPRFAGTTIRDLDRPVDQIRSDVSELETWRDRFLOATENMSVMLPNGRQLPLDEETGIDVLGNL 349
HcPPO1 RRGELFYYMHQQIICRENAERYCNGLSRVRRYNNFQQPIEEGYFPKLDSQVASRAWPPRFAGSIIRDVERPVDLIRTEVSQLEEMRNRFIQAIETLSVLLPNGRRITLDEETGIDTLGNM 348
HJPPO1 RRGELFYYSHQQIVARYWFERFCNALKRVERLTDWQGPIKEAY FPKLDSLVAKRAYPARVODMTMQODLDIPGONIKVDVDDMIRWRDRIYRAIADGFITATNGSKMNLDDVTGIDILGNI 348
SbPPO1 RRGELFYYMHQQOVVARYNLERFSNNLARVTRLNDFRQPIAEGYFPKMDSLVASRAWPPRFDNTKLSDLNRELDQINLDIADLERWRDRI FEATHQGFVVDESGNRVPLDEQRGIDILGNI 348
AaPPO1 RRGELFYYMHQOLIARYINVERFCARLGRVRPLTNLRVPLPEGYFPKIIRSVNNRAFPPRPONQVLTDINRVDDDVIFTVTIDLENWEKRIADS IDAGFVMGANGQRIPLTEETGTDILGNI 348
AsPPO1 RRGELFYYMHQQLIAR RFCARLSRVRPLSNLRVAIPEGYFPKIIRSVNNRAFPPRPONQILGSVNRVDDDVIFTVTDLENWEKRISDS IDAGLVMGTNGQRVPLTEENGTDILGNL 348
TmPPO RRGELFYYMHQOQOI IARYNFERLCNKLKRATRFNDFKQAIQEAYFPKLDSLVASRSWPARVGNQRLKDLNREVDQIKQDVDDLKRWSDRI YAATHQGSATDERGRKIELTENEGIDILGNM 347
GmPPO2 RRGELFFYMHQOQOI TARYINCERINNSLKRVKKFNNWREPIPEAYFPKLDSLTSSRGWPPRQANMTWODLNRPVDGLNVTISDMERWRRNLEEAVSMGTVTLPDGSTRPLD----IDTLGNM 349
MsPPO2 RRGELFFYMHQOI IARYINCERLCNSLKRVKKFSDWREP I PEAYYPKLDSLTSARGWPPRQAGMRWQDLKRPVDGLNVTIDDMERYRRNIEEAIATGNVILPDKSTKKLD----IDMLGNM 351
BmPPO2 RRGELFFYMHQQVIARFNCERLCNSLKRVKKFSNWREPIPEAYFPKLACLTSSRGWPPRQOSGMOWQDLNRAAEGLFVTIDEMERWRRNVEEAIATGTVRLPNGQTRPLD- 349
HcPPO2 RRGELFFYMHSQMIARYINGERLNSALKRVKKFSNWREPIPEAYFPKLDSLTSSRGWPPROANMTWODLNRPVDGLLVTIDDMERWRRNIEEAISTGRVTTADGRTIDLD----TIDILGNM 351
HAPPO2 RRGELFYYMHQOVIARYINLERFCNALKRVTRFTEWKDP I PEAYFPKLDSLVASRAWPARVTDOKLSNLRRDODQITQDVDDLYRWRDRIYEAIHSGFVQTDGGGRQELTEFGGIDILGNI 346
SbPPO2 RRGELFYYMHHQILAR RFCNGLAKTKVLNNVREPISEGYFPKIMSSLNNRTYPSRITKTKLSDIDREDS~-KLEIADLERWTDRIVTAIDQGFVVDTKGKQIPLDDKKGIDILGDM 350
RaPPO2 RRGELFYYMHQQLIARYINVERFCARLARVRPLNNLRVPIPEGYFPKIIRSLTNRAFPPRPONQILSDVNRVDDQVVFTITDLENWEQRISDSIDAGFVMGMNGORIPLTEQNGTDILGNI 348
AsPPO2 RRGELEFYYMHQOLIAR VDRFCARLSRVRNLSNYRVAVPEGYYPKLIRSVNNRAYPARPQNQILGSVDRVDDNVIFTVTDLERWEKRISSSIDQGLVMGTNGERVMLTEENGTDINGNL 350
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Fig. 2. Sequence alignment and phylogenetic tree show-
ing relationship between P. interpunctella PPO1 with other
prophenoloxidase family members. A: The CLUSTALW
multiple sequence alignment program was used to align
the P. interpunctella PPO1 amino acid sequence with 17
other insect protein sequences found within the GenBank
database. Identical residues are marked with an asterisk
(*), strongly conserved residues are marked with a colon,
and weakly conserved residues are marked with a period.
A vertical arrow marks the RF proteolytic cleavage site ac-
tivating the proenzyme. Copper binding regions are out-
lined in boxes. Putative thiol region is shaded in gray. Bold
asterisks mark the conserved C terminal region found in

many invertebrates. B: Phylogenetic distances were ob-
tained from a CLUSTALW alignment of the 18 sequences
and a tree was constructed using TreeView. The aligned
sequences are as follows: PiPPO1, P. interpunctella PPO1;
GmPPO1, G. mellonella PPO1; MsPPO1, M. sexta PPO1;
BmPPO1, B. mori PPO1; HcPPO1, H. cunea PPO1; HAPPO1,
H. diomphalia PPO1;,TmPPO, T. molitor PPO; SbPPO1, S.
Bullata PPO1; AaPPO1, A. aegypti PPO1; AsPPO1, A.
subalbatus PPO1; GmPPO2, G. mellonella PPO2; MsPPO2,
M. sexta PPO2; BmPPO2, B. mori PPO2; HcPPO2, H. cunea
PPO2; HAPPO2, H. diomphalia PPO2; SbPPO2, S. Bullata
PPO2; AaPPO2, A. aegypti PPO2; AsPPO2, A. subalbatus
PPO2.
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TYGDLHNHGHVE I SYAHDF HRHLECY GVMGDSATAMRDFVFYRWHAY IDDT
GYYGOLHNHGHYE LAY SHOPDHRHLEEYCVMGDSATAMRDFYFYRWHAY IDDT FH
GYYGDLHNMGHYEARY THDPDHERLEQFGVMGDEATAMEDFFFYRWHREVIDV
PYYGDLHRMGHVEI Y SHDPDHRHLEQFGVHMGDSATAMRDEPVFY RWHAY T DD
EYYGOFHNLGHVF IS FAHDPDHRHLELFGVMGDSATAMRDPVFYRWHS Y IDDL
QLYGHLHGFGHLMLSY IHDPRSHHLEFPFGVIGDFTTAMBEDF I FY RWHAFVDDW
SLYGDLHNHGHYFISYAHDF PHRHLES FGVMGDEATAMRE DEV FY RWHAFVI DM
QYYGEYHGHLHNI IAY SHDPEGRFLEGYGVVGEFQTAMRDPTFY RLHAQVDHM
Y Y GEYHGNLHNI IAY SHDPEGRFLEGYGVVGEFQTAMBDF TFYRLHAQVDNM
TEYGIMHNHGHYE I SYVHDP DHRHLES FGVMGDEATAMBDE I FYRWHSY I DDI

HE---DELOPYUDNVLDEPGIRVS--51 SVEGG-AGANTLGSHWOOSLAELSRG
¥K~--SKLTPYGDSQLDYPGIRVS-~51 5VEGP-AGANRFATOWOOSLVELSQG
YE=-=--EKLTPYTHERLDFPGVRVS=-=-5VEIEG--ARFNTLRTLHQQSTVELGRG
YE---YKLTFYGNLRLDEPNIRVS--SVSTEGG-GTFNTLNTLWEQSTVDLGRG
YE-==YKLAPYGHOKLDEPGVRVT-=51 SVEGP-AGNNTFGTRWEESTVELGRG
Fli===GSLPRYTAEQLDYAGVQI T--DVNIKTPHAPDHEFRTFHQQSIVIMSRG
HE---TRLTSY TLPQLOY DG I TIG--GIQVASDGGRENVLE TEWQOSIVDLERG
YE--=-NTLOFY FANQLNYNGVQ10SLGVOLNRANAPPHVLLTYWQRSQ I DLATG
HE===NTLOFYPANQLNYNG IQIQSLGVOLNRANAPANI LLTYWORSQIDLATG
YE-——ATLFRYTENQLHNEPGVTYVS-—EVEVOVOGGSANTLNT FWQOSIVIMSRG
ELYGSVHNNGHS FEAYVHDPSHRY LENFGY IADEAT TMROFFFY RWHAWVDDL FORHKESHF-VRFYSRSELENPGVIQVT--5VEVETQGSFONVLE T FWMS SOVDLSRG
DLYGETHNNMHS FSAYMHDFERRYLESFGV IADEAT TMRDFFFYRVHANVIDT FEEAPHNVRFYSRSQLENPGVOVT--SVAVESAGGONVLNT FWMQSDVHLEKG
ELYGS THNNGHS FTAYMHDPEHRY LEQFGY IADEATTMRDPFFYRWHAY I DDV HEESAY - VRFY TRSELENPGVOVR--SVEVETPGGOPNTLNT FWMLSVHLSRG
LYGS IHNNGHS FSAYMHDLOHRY LESFSVIADEAT TMRDPFFYRWHAY I DDT FORHKESPY ~VRFY TREELENPGVRLT~=5 IATESSHNOMNTLNT FWMSSOVDLSRG
TLYGDLHNMGHVFISY IHDPDHRHLET FGVHMGDSATAMRDFVFY RWHAY I DL FUFK -~ -GS LFRY TEEQLNY PG I TVT -~ GVSVQSQGGRANTLNT FHCGSDVIMSRG
TEYGHLHNEGHNALSYCHDF DRRFLEDFGVMGDY T TAMRDFVFY RWHGE I DT I FRHK---ERLDFYKESDLTFGNVI ITKLEVR I0SOKATFNI LLTYMEKSDVHLARG
OYYGEYHGNLHNV IAY SHOPEGRFLEGYGVVGEFUTAMRDFT FY RLHAQVDNM MR HE -~ -NT LPFY TASQLNYHNGVQI QS LGVOLNEANAPANYLLT YWORSOVDLATG
QIYGSLHEMVHNUIE?SHDFDNRFLEDYGVMGEVTTRMRDPTFYRCHfQIPDHFRRHK---GLLNP?&ENQLGNHGIRVGSIGVQLSRRNAPFNTLLTYNQRSQIDLAAG
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LDFTPRGSVLARFTHLHHDDFN YV IEVNNTSGOARMGT FRIFLAFTQDERGS FLGFND=0RRLM I ELDKFSEGLRSGNNT IRRRSTDSSVT IPFERTFRAQSARPGDPGSADRREFDFCG
LOFTPRGSVLAKFTHLOHEEF TYVIEVNNT SGOSKMGT FRVFMAPKTDERGQPLAFED- JRRLM I ELDKFTRGLEPGHNT IRQRSLDSEVT IPFERTFRNOANRPGDPGSATAREFDFCG
LOETPRGSVLARFTHLOHDEFOYVIEVNNT TGGHNLMGTVR I FMAPKYDDNGUPMS FNK-ORRLM I ELDKFSQALAPGTNT IRRRSVDSSVT I PYERTFRNOSER FGDPGTAGRAE FDFEG
MDETPRGSVLARFTHLOHDEYN Y VVEVNNTGGS SVMGMFR I FIAFTVDESGHPFSFDE=ORKLM I ELDKFS0GVEPGNNT IRRKS IDSSVT IPYERTFRNQADR PADPGTAGARE FDFUG
LDFTPRGSVLAKFTDLOHEEFNYVIEVMNTSGGGVMATVR I FMVPNONETGOPLSFDE-LRKSMIELDKFTTTLNAGHNT IRGRS I DSSVT I PYERTFADQS TRPGDPGSPETAGFDFEG
VDRQDEGSVFVRFTHLNHEEFS YN I TVNNTGNGVOEGTCR I FLAPAT DERGN PWLFYN- ORVMFVEMDR FEVTLROGUNT ITRNSTQSSVT I FFERTFROLDTHRPAEGSEELDI FNFEG
MOEVPRGHVERRFTHLOHTEFTY TINVNNSSGAQRFGTVRI FLGPKTDERGOPMLLE D= 0RLLM I ELDEFVVALNPGONT IRRRSTDESVT I PFERTFRNLDANR PAAGSAEELEFNFCG
MDEGPOGHVEASF THLOHAPFTERLTVNNTGAR-RRGTCRIFIGPKTDERNIALTYQE-QRI LMIELDKWTVTLNPGTNS IVRRSEQSSVT IPYERTFREAAFPSNQS~==~GTEVYRFCN
MDEGPOGNVFAAFTHLOHAFFTERLTVNNSGAR-RRGTCR I FIGPKTDERN IALTHOE-OR I LMIELDKFNVTLNPGSNS IVRRSEQSSVT I FYERTFRSARPSNOP-~--GTEVYRFEN
MDFQPRGSVFVRFTHLOHQPFTYKITVENSSNGNRKGTCR I FIAFKLDERGNFWLYRD=0KNMFVELDKFTVNLKQGUNN I TRASSQSSVT I PFERTFRNLDLNR PO~ GGEELAQFNFCE
LDFSNRGEVYARFTHLHHRPFRYVIKVENS=GHARRTTVRIFI SPEFDERNLANSLVD=JREMFI EMDR FVTPLEAGENT ITROSTESTFT IPFEQTFRDLEVOQRDDPRREVDLARFHFCG
LDFSDRGEVYARFTHLNHREFRYVIKANNT-ASARRTTVER I FIAPKTDERNLPWALS D- ORKMFIEMDR FVVELSAGENT ITRQSTESSLT I PFEQTFRDLE 1 0GSDPRESELAAFNYCG
LDFSDHGEVYARFTHLNYRHFSYRINVNNT~GSSRRTTVRI FITPKFDERNVPW I F3D=0RKMC IEMDR FVTVLNAGENN IVRCSTESS I TIPFEQTFRDOLSAQGNDPREDELATFNYCG
LDFSERRPVYARFTHLNHTPFRYVIKVENT-GEARRTTVRI FIAPKFOERNL THALAD- OREMFVEMDI FV TPLNAGENT ITRLETOSSVT IPFEQTFRDLEPOSGDPRRTHLARFNECG
MDRQPRGSVFARFTHLNHOPFAYNI TVNNASGGNKRGTCR I FLGPKTDERRTAWLFKD-0RLLFIELDR FVWHLAQGENT ITRNSTESSVT I PFERTFRNLDLSRFV - GGEALAQFNFEE
LDFGPKGNIYATFTHLOHAPFEY Y IDVTNNDKKPKKGTCR I FLCFENDERGTFLSLND=0ROLAIEMDKFTVNLMPGFNN IRQSSKKSS I TIPYERTFRPIGPDYOPVEAERLAEFRFCG
LDPGPOGHVEASFTHLOHAPFTFRLMVNNSGRR-RRGTCRIFIGPRTDERNIPLTYCE-QRILMIELDKFTVTLNPGANS IVRRSEQSSVT I PYERTFRSVAMSNOPT———GREQFRFCH
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CGMPHHML I PKGTO0GY PVVLYVMVSNWEDDR I EQD=~~ LV GSCHDARS Y CGLADRKY PDRFAMGFP FORAAS = =ANNLS DF == LEPHMAVRECR T RFTDAV Q000 ===
CGWPHHML I PKGTEQGYFVV LY VMV SDWNADE IEQD===TVGACHDAAS Y CGLRDRKY PDKRHMGFPFDRRSE- ~ARNLTDF--LKPHMATRDCT IKFTDAIREGTOR -
CGMPHHML I PEGTROGY PVVLEVMI SHWNN DRI EQD——- LVGSCHDARS Y CGIRDRKY PDE GAMGY FFTRFMANDAATLS DF-- LRFMMAVRDCS IQFS DT TVERGQQG——————
CGWPHHMLYPKGTTOGY PHVLEVHV SNWNDDRVEQD=~~LVGLCNDARS YOG I RDRKY PDRRAMGFPFDRPAP~AATTLS DF =~ LR PHMAVRDC I VR FTDG TRORGDQG ===
CGWPHHMLE PKGTAGGFPVTLFVMLSNWE DDEVVQD=-== IVGHCHDARS YOG I PDRKY PDRRAMGFFFDRPI 5= = VNS LS DF==LEPHMNVSQCT IRFROVTLPROR ==
COMPHHLL Y PRGTPDGFRAQLPVM I SHNYADDEVEQD——-LEGSCHDRES Y COVRGGKY PDKRFMGY PFNRVARQGADTLOR F-- LTGHM IVONCR IVHSDRTVRPRS ——
CGWPQHML I PXGLPEGMRCELFVMI SNYEDDRVDOQ- -~ LVGACSDAAS FUGVRDRLY PDRREMG Y PFDRLPRAGADRLVNF--LT PHMSLVDVV I OHDPNEVVORFN-
CGWPSHLLIPKGTPEGMS FOLFAMISDETHDTVNQEFD-ENVDCNDSHS FCGLRDRLY PDRRPMGY PEDRRAFNATRTLODEVR PHSHMALTHVOVRFTHTV IART-
CONPSHLLI PGS PEGMPFDLFAM I SDY TADTVHEFT-ENVDCHDSHE FCGLRDRLY PDRRAMGY PFDRRAFNATIR TLODFARPHSHMALTHVO IRFTHSVIART -~
CGWTOHML I PKGTPEGMPCQLFVMI SNYEDDKVNGS---TEGVCNDAGS YOG I KDKLY PDRRSMGY PFDRMPRRGVDTLOOF - - LTSHMEVODVT I KFTNR TVR PHSRN-
CGNPOHMLY PKGTEAGAPYVFFVMLSNYDLDRI DEPGNSPE I SCHEASSFCGLRDRKY PDKRAMGFPFDRPSR-TATS IEDF == I LPHMALQD I T IRLMNVVEANPRNFRT -
COWPOHMLY PRGTV GGV AR Y L PVHLSNYELDK I EQP-DGRELSCVERSHFCGLEDEKY PDARFMGY PFIR PSR- SATNIEDFS-AMSHMGLOD IVIKLSDVTEFNPRNEP PR~
CGWPQHMLVPKGTEAGMPFQLFVHLSNY DLDR I DOD-NGKOLTCVEASS FCGLKDKKY FDRRAMGFFFDR PS5 - SATSLODF-- ILPHMGLOD I T I QLONVTEFNPRNEPEMSV-- 693
CGWPQHMLY PKGHERGV TYQFFVMLSNYELDRIEES-SHVQSNCVEASS FCGLRDRKY PDRRAMGFPFDRPS T~ TAANIEDF -~ ILPHMGLODI TIRLRNET I PNPRNPVTQTPQ 697
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CGWPEHMLLFRGKPEGMAFDL FVMI S DY VG DAV O THN-TPDI CE DS S S FCGLKDKLY PDNRTMGY PFORRLD - -ARTLEDLTHAFSHMSMTD I T IRFNDVI I DREKN——————— 691
CGWPSHLL I PKGTPEGMT FDLFAMISDETGDTVNOEFT-ENYVDCN DS HSFUGLRDRLY PDREFMGY FFDRFATGATRTLEDF I SSHSHMALANVO IRFTHNTV IART-————=-—~ 685
COWPSOLVIPEGLPEGME E'DL'E'MI-TDYTEDSWQEIL—CNWCNDSHSFCGLRDBL‘:’PDRRPMGYPF‘DRFMPNTTRTWDFES PNSMLTWD JRFTNS"IMT ————————— 687
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HcPPO1
. larvae were removed to a clean dish and held at
J— room temperature. Hemolymph was collected at
BmPPOI 1-, 2-, 4-, and 7-day intervals. The experiment was
MsPPOT replicated with 5 separate trials consisting of 9-12
G“f::; larvae for each time period per trial.
BmPPQO2 age . ..
1 enros Effect of Parasitization on PO Activity
SHPPO1
HIPPOT Plodia and Habrobracon were placed together in
TmPPO Petri dishes as in the paralysis assays. After 24 h,
HappO2 half of the paralyzed Plodia larvae were removed
seerez and the remaining larvae were left as hosts for ovi-
Aa::::oz position by H. hebetor. After egg hatch, individual
AsPPO1 parasitoid larvae were transferred (1 parasitoid/host
AaPPOI larva) to new, previously paralyzed hosts from the
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original cohort. The parasitoid larvae were allowed
to feed for either 1 or 2 days. Egg hatch generally
occurred on the 3rd or 4th day of paralyzation so
the feeding times for 1 and 2 days corresponded
to 5 and 6 days paralyzation. Hemolymph was col-
lected from host larvae 1 and 2 days after parasiti-
zation and assayed for PO activity.

RESULTS
Properties of P. interpunctella PPO cDNAs

PCR amplification with degenerate primers was
used to isolate partial clones of two PPOs from a
whole-body cDNA library in A Uni-Zap XR vector.
3’- and 5'-RACE were used to obtain the missing
ends of the PPO1 sequence. The complete sequence
for PPO1 is shown in Figure 1A and the partial
sequence of PPO2 is shown in Figure 1B along with
their deduced amino acid sequence. The cDNA for
PPO1 is 2,748 bp and encodes a protein of 681
amino acids with a calculated molecular weight of
78,328 and pl of 6.41. There was no evidence of a
secretion signal peptide for PPO1.

The deduced amino acid sequence of PPO1 was
compared to other PPOs in GenBank (Fig. 2A).
Alignments show that the copper binding sites are
conserved in all of the proteins. Also, the PPOs
contained a conserved proteolytic cleavage site (RF)
as well as a previously characterized thiol ester site
CGCGWPQHML (Hall et al, 1995) that has a His
substitution for Gln in the C-terminal region. The
copper binding region was present in PPO2.

Sequence Comparisons

Sequence comparisons were made between P.
interpunctella and several other insect species in the
orders Lepidoptera, Diptera, and Coleoptera. P.
interpunctella PPO1 ranges from 71-78% identical
to other known lepidopteran PPO-1 sequences. As
Lepidoptera, Coleoptera, and Diptera evolved and
became more divergent, their PPOs are less con-
served and percent identity decreases. Compared
to P. interpunctella PPO1, sequence identities ranged
from 48-60% in the Diptera and 50-58% in the
Coleoptera. A phylogram prepared in TreeView

(Fig. 2B) shows the clear divergence of PPO1s and
PPO2s among the Lepidoptera.

Effects of Paralyzation and Parasitization on PO
Activity in P interpunctella

Phenoloxidase activity levels among control,
paralyzed, and parasitized larvae were compared
by using 5 separate trials with 9-12 larvae per time
period per trial. Analysis of phenoloxidase activity
of paralyzed larvae showed a gradual increase be-
ginning 24 h after stinging (Fig. 3). Initial PO ac-
tivity levels were 0.3 £ 0.06 mOD/min for control
larvae. PO activity increased about 10-fold after 7
days, up to a level of 3.0 £ 0.13 mOD/min. There
was no detectable PO activity in venom gland
homogenates (Hartzer, 2004) so the increase in PO
activity in paralyzed larvae did not result from in-
jection of the enzyme into the host larva during
envenomization.

Addition of parasitoid larvae to previously para-
lyzed hosts resulted in an immediate reduction in
host PO activity (Fig. 3). After 1 day of feeding,
the PO activity of host larvae declined by approxi-
mately 50% to 1.2 = 0.03 mOD/min. PO activity
continued to decrease during parasitization. Be-
cause of the reduction in hemolymph volume
caused by feeding of the parasitoid larvae, assays
could not conducted after 3 days of parasitization.

DISCUSSION

Several prophenoloxidases have been purified
and characterized in insects (Hall et al., 1995;
Kawabata et al., 1995; Jiang et al. 1997a; Cho et
al., 1998; Ashida and Brey, 1998, Chase et al.,,
2000). Two PPOs have been characterized from
several Lepidoptera including Manduca sexta,
Bombyx mori, Galleria mellonella, and Hyphantria
cunea, and in the case of some Diptera many more
PPOs have been characterized. In this work, a full-
length cDNA of PPO1 and a partial sequence of
PPO2 from P. interpunctella were identified.

Plodia interpunctella PPO1 ranges from 71-78%
identical to other known lepidopteran PPO-1 se-
quences. Although sequence similarity is high for
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Effects of paralyzation
and parasitization on PO activity
in hemolymph of P. interpunctella.
PO activity was measured in hemo-
lymph of P. interpunctella larvae
that had been either paralyzed or
paralyzed and subsequently para-
- sitized. An arrow indicates the

4 beginning of parasitization by
the placement of H. hebetor lar-
vae onto paralyzed hosts. PO ac-
tivity is defined as the mean
increase in absorbance (mOD/
min) at 490 nm in the reaction
mixture during a 30-min time
interval. Each point is the mean
(S.E.) of 5 cohorts of 9-12 lar-

vae per cohort from different
Plodia generations.
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all PPOs when compared to other lepidopteran
PPO1s, the identity is exceptionally high. Plodia
PPO1 has a higher similarity to PPO1 from Galle-
ria and other insects than it does with its own
PPO2. This characteristic has been displayed for
many insects containing more than one PPO. How-
ever, only a single PPO has been identified in the
cockroach, Blaberus discoidalis (Durrant et al.,
1993), the African migratory locust, Locusta migra-
toria (Cherqui et al., 1996), and the crayfish,
Pacifastacus leniusculus (Aspan and Soderhall, 1991).

The full-length P. interpunctella PPO1 cDNA pos-
sesses high-sequence similarity to other insect
PPOs, especially other lepidopterans, including M.
sexta, B. mori, H. cunea, and G. mellonella as well
as the dipterans S. bullata, A. subalbatus, and A.
aegypti and the two beetles T. molitor and H.
diomphalia. All of these PPOs contain the RF pro-
teolytic cleavage site, two copper-binding regions,
and a putative C-terminus thiol ester. Additionally,
a conserved C-terminal site, similar to one found
in arylphorins (Brumester and Scheller, 1996), was
present. Insect PPOs in general, lack a signal pep-
tide and are thus unlikely to have N-glycosylation
associated with protein movement across the cell
membrane. However, in other Lepidoptera, phenol-
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oxidase from G. mellonella has been shown to be a
glycoprotein (Kopacek et al., 1995), but the PPOs
of M. sexta (Jiang et al., 1997a) and B. mori
(Yasuhara et al., 1995) are not. Plodia interpunctella
PPO1 does not have a signal peptide but showed
two possible N-glycosylation sites. The PPOs of S.
bullata have several N-glycosylation sites but did
not stain for sugars with Schiff’s reagent or bind
Concanavalin A suggesting a lack of glycosylation
(Chase et al., 2000). However, because P. inter-
punctella is most closely related to G. mellonella,
i.e, both are pyralid moths, with their PPO se-
quences showing the highest identity, it is possible
that Plodia PPOs are glycoproteins as well. Studies
of binding affinity of PiPPO1 for Concanavalin A
could be used to clarify this question.

Insect PPOs share similarities with hemolymph
hexameric storage proteins, and with Arthropod
hemocyanins, which are copper-containing hex-
amers (Fujimoto et al, 1993; Hall et al, 1995;
Kawabata et al., 1995). The three-dimensional
structure of hemocyanin from the spiny lobster,
Panulirus interruptus, shows the hexamer to be
formed from trimers of tightly associated dimers,
with the major contacts between the subunits con-
taining the copper-binding sites. As was the case
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in M. sexta (Jiang et al., 1997a), Plodia PPO1 was
29% identical to P. interruptus hemocyanin with a
higher identity corresponding to the copper-bind-
ing regions. Until the structure of an insect PPO is
available, the arthropod hemocyanins will have to
serve as a model for the enzyme.

Physiological effects of parasitization by ecto-
parasitoids include changes in host hemocyte mor-
phology and viability, as well as suppression of
immune reactions, including phagocytosis and en-
capsulation (Richards and Edwards, 1999, 2000a,
2002). Richards and Edwards (2000b) also dem-
onstrated that although envenomization of the host
by the wasp adult did not suppress PO activity, feed-
ing by the ectoparasitoid larvae significantly reduced
hemolymph activity of this enzyme. Suppression of
PO activity has also been shown to occur in para-
sitism of lepidopteran hosts by entomopathogenic
nematodes (Yokoo et al., 1992). These results con-
trast with those of Sroka and Vinson (1978) who
found no suppression of hemolymph PO activity
in response to endoparasitoid attack. Although at-
tack by the idiobiont ectoparasitoid H. hebetor re-
sults in fatal envenomization of P. interpunctella
larvae, we provide evidence in the current study that
both the adult wasp and parasitoid larva can induce
humoral immune responses in the host larvae.

When H. hebetor adults sting the host larvae,
changes occur at both the physiological and im-
munological levels. Physiologically, and most ob-
vious, is the paralysis of the host. This paralysis is
due to the presynaptic blockage of glutamatergic
excitatory transmission, resulting in loss of neuro-
muscular control (Spanjer et al., 1977; Piek et al.,
1982; reviewed in Piek, 1990) . At the immuno-
logical level, venom from H. hebetor, either directly
or indirectly, causes an increase in PO activity in
host hemolymph with time after stinging. The in-
crease in PO activity may be beneficial to H. hebetor,
as increased levels of PO may help suppress mi-
crobial infection during the time interval between
stinging and host utilization, and thus preserve the
nutritional value of the paralyzed larva as a subse-
quent food source for the parasitoid (Hagstrum
and Smittle, 1978; Hagstrum, 1983).

The larval parasitoid of H. hebetor demonstrates

a much different effect on the P. interpunctella host
than does the adult wasp. While both adults and
larvae have an effect on the humoral response of
the host, our evidence suggests that the larval para-
sitoid may suppress PO activity in host hemolymph
in a manner similar to that described for Lacanobia
oleracea parasitized by Eulophus pennicornis (Richards
and Edwards, 2000b). The reduced PO activity may
be the result of an immunosuppressant secreted
into the host by the parasitoid larva. Similarly, a
diffusible immunosuppressant may also be respon-
sible for the unmelanized region surrounding the
feeding site on surrogate host larvae (see fig. 2 from
Baker and Fabrick, 2002). Whether the same factor
is responsible for both phenomena is not known.
Finally, our observations that host hemolymph
leaches through the parasitoid feeding sites (Hartzer,
2004) support the hypothesis that ectoparasitoids
secrete an anticoagulant or some factor inhibiting
the wound healing process as suggested by Strand
and Pech (1995). We also observed that host
hemolymph did not leach through feeding sites
surrounded by melanized rings.

Because phenoloxidase is only one enzyme in
a complex cascade, exactly where the adult venom
or larval factors exert their action remains to be
determined. There are several possible reasons for
changes in the level of PO activity in paralyzed and
parasitized P. interpunctella host larvae. The increase
in PO activity during paralysis may be caused by
lysis of hemocytes in the host leading to increased
levels of PPO in the hemolymph. However, because
the enzyme is in the pro-form, no direct increase
in PO activity would be observed simply from ly-
sis of hemocytes. Increased PO activity may be the
result of activation of enzymes upstream from PPO
such as prophenoloxidase activating proteinases
(PAPs), or venom components themselves may
cause PPO to cleave to its active form. As for sup-
pression of PO activity by the parasitoid larva, it is
more likely that the secreted factor(s) affect the
regulatory mechanisms of the PPO cascade, i.e.,
through the action of inhibitors or activating en-
zymes, or perhaps as early as the recognition of
non-self.
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